of these, the basic transmission equations (11) and (12) are derived; they show how the common-mode (or antenna-mode) current I, is coupled to the differential-mode (or transmissionline-mode) current I (through the coupling parameter y). The determination of I, is, however, independent of I and based upon the solution of the scattering problem involving two conductors excited by two symmetrical incident waves such that no current flows in the terminating impedances.
of these, the basic transmission equations (11) and (12) are derived; they show how the common-mode (or antenna-mode) current I, is coupled to the differential-mode (or transmissionline-mode) current I (through the coupling parameter y). The determination of I, is, however, independent of I and based upon the solution of the scattering problem involving two conductors excited by two symmetrical incident waves such that no current flows in the terminating impedances.
The governing equations (11) and (12) are applied in Section IV to treat two types of cases: 1) two parallel cylinders of unequal size immersed in an incident plane wave of arbitrary polarization, and 2) cylinders of thin wires. In the first instance, the application includes a determination of the coupling parameter y between the common mode and the transmission mode (40).
In the second instance for thin wires, the application leads to equations (41) which differ from the more conventional equations (42). For various terminations, results from both sets of equations are compared in Table I. The most striking observation is, perhaps, that for 0 = 00 incidence, the conventional results all reduce to zero, whereas the new results do not. It is quite easy to convince oneself that the conventional results have to be faulty. When 0 = 00, the incident electric field Einc is, to be sure, no longer "driving" the wires, but the incident magnetic intensity ninc is still linking the two wires and, for very low frequencies, the new results do reduce to those that can be deduced directly from the Faraday law of induction.
RICHARD B. SCHULZ Shielding Theory of Enclosures with Apertures HORACIO A. MINDEZ
Abstract-This paper develops the theory of EM radiation from metallic enclosures with apertures, excited by an internal source at frequencies below the fundamental resonance of the enclosure. The enclosure with an aperture is analyzed from two different points of view: as a cavity with a small aperture in a wall, and as a waveguide section short-circuited at one end and open at the other. Rectangular geometries are used throughout, since these are by far the most commonly encountered in practical enclosures and cabinets.
Using the corresponding dyadic Green's functions, the fields generated inside the enclosure by some simple sources are determined. The fields radiated through small apertures in a cavity are determined using Bethe's theory of diffraction by small holes. The radiation from an open waveguide is calculated with the help of field-equivalence theorems, with assumptions applicable to the case of evanescent waves.
The final step is to derive expressions for the "insertion loss" of the shield, defined as the ratio of the field strength at a point external to the shield, before and after the insertion of the enclosure. To do so, the effect of the shield upon the input impedance of the antenna is analyzed, and expressions obtained for the In the present work, the theory of EM radiation from metallic enclosures with apertures excited by an internal source is developed.
The author's treatment is confined to frequencies below the fundamental mode of the enclosure (i.e., below the cutoff frequency of the cavity). For typical cabinets, the cutoff frequency is in the tens or hundreds of megahertz. Since the radiation spectra of many noise sources seldom show a significant contribution at these or higher frequencies, a very significant portion of the RFI spectrum is being covered. This work is limited to rectangular geometries, which are by far the most typically encountered in cabinets and enclosures.
Nevertheless, the techniques here presented may easily be applied to other regular geometries.
The approach taken is to treat the enclosure as a resonant cavity below cutoff. This allows us to replace it with a perfectly conducting cavity, obviously assuming that the wall losses will be small compared to the energy leaking through the aperture.
After the fields generated in a rectangular cavity by typical radiation sources are found, Bethe's theory of diffraction by small holes is applied to determine the fields radiated by the aperture. (10) and the time dependence of the fields is assumed to be e-JW t. In these expressions, Io is the current at the input terminals of the antenna.
For a square loop of sides 2D (Fig. 2) Consider an aperture in a perfectly conducting plane, being illuminated by an EMF existing in one of the half-spaces de- fined by that plane.
If the size of the aperture and the wavelength of the field are such that l-X/2rr (13) where 1 is any linear dimension of the aperture, Bethe [2] has shown that the field in the vicinity of the hole may be represented approximately by the original internal field Eo, H0 at the location of the aperture (i.e., the fields existing at the site of the hole before it is cut in the wall), plus the fields of an electric and magneitc dipole located at the center of the aperture.
The field transmitted to the other side of the conducting wall may be considered a dipole field and can be calculated from the electric-and magnetic-dipole moments induced by the incident field on the complementary area of infinite permeability [3] .
An electric dipole moment can be induced only by an electric field which is normal to the plane of the aperture, and a magnetic dipole moment can only be induced by a magnetic field which lies in the plane of the aperture.
The resulting electric and magnetic moments are given by [4] and Cohn [5] , [6] . Table I shows a selection of their results.
Bethe's treatment of the diffraction through holes, coupled with the field equations (5)- (12), provide the means to evaluate the EMF's leaked through an aperture in a rectangular cavity.
At frequencies below cutoff, typical cabinet apertures will automatically satisfy condition (13) , making the method applicable.
III. RADIATION FROM AN OPEN CAVITY
Consider a perfectly conducting semi-infinite rectangular waveguide of dimensions a and b associated with the x and y directions, short-circuited at the plane z = 0 and extending towards z = +±0.
Its dyadic Green's function can be easily obtained, by using image theory, from a knowledge of the dyadic Green's function for an infinite waveguide [7] .
For a transverse dipole antenna whose current is defined by ( In the case of an electrically small longitudinal squar( (Fig. 4) To find how the antenna is affected by the aperture, some measure must be obtained for the decay rate of the fields away from the antenna, and then of the reflected fields from the aperture back towards the source.
It can easily be shown that, for a rectangular waveguide of square cross section, and for physically reasonable sources (thin antennas), the reflected field is at least four orders of magnitude smaller than the incident field (both calculated at the surface of the antenna) when the antenna-aperture distance is greater than 0.1a, where a is a typical dimension of the enclosure. This fact allows the effect of the aperture upon the antenna to be disregarded in all cases of interest.
On the other hand, when the semi-infinite waveguide is cut open at the plane z = d, the fields that existed at that plane will, in general, be modified by the presence of the aperture.
(23) For sources that produce TM modes only, such as a longitudinal (z-directed) dipole, it may be assumed that the aperture produces a complete reflection of the transverse (x and y in Fig. 3 ) components of the fields, resulting in the doubling of the transverse magnetic field and the cancellation of the TE field.
Similarly, in the case of a transverse loop (in the x-y plane), only TE modes are present. This fact leads to the assumption that the TE field is doubled and the TM field cancelled by reflection at the aperture.
For a transverse dipole and a longitudinal loop, we have neither TE nor TM modes in the z direction. In these cases, the m7ry safest course is to take the fields at the aperture as being idenb tical to those that would exist at the same place in a semiinfinite waveguide.
The fields at the open end of a rectangular waveguide excited below cutoff are then given in terms of the fields that would exist at the same place in a semi-infinite waveguide, modified according to the assumptions on aperture reflection pertaining to each specific case.
The next step is to find the fields radiated by such a structure. The assumptions required to obtain an approximate solution can be better understood after a review of the induction and field-equivalence theorems, as stated by Schelkunoff (24) [8] - [ 1] , and which the readers are urged to consult. The standard procedure [12] is to neglect the currents on the outside walls of the waveguide, which amounts to assuming the existence of a perfectly conducting flange coplanar with the aperture and solving, in essence, for the radiation from a rectangular aperture in a perfectly conducting plane.
This approximation worsens at low frequencies, especially if the fields of interest are at large angles from the axis of the waveguide (i.e., the fields near the imaginary flange). But for points on, or near, the axis, the approximation is acceptable, as borne out by experiments (see Section VI).
In the design of EM shields, the quantity of interest is the worst case insertion loss. Thus when the "leakage" from an open waveguide is studied, the major concern is with fields along the axis of the waveguide, and the "infinite-flange approximation" becomes acceptable.
With these considerations, it is reasonable to use the fieldequivalence theorem, as developed by Schelkunoff [9] , which can be stated as follows. The transmitted field can be obtained by postulating a zero field inside a closed surface S comprised of the surface of the aperture, the outer surface of the waveguide, and fields Et and Jf outside S. These fields are produced by electric-and magnetic-current sheets over S given by
The electric field E has to be evaluated at a distance p (the wire radius) from the axis of the antenna.
By assuming that the presence of an aperture will not disturb the fields near the antenna, as long as the latter is located at some small but reasonable distance behind the aperture, it is found that, for a cavity with small apertures, the input impedance of an x-directed thin dipole antenna defined by (16) is obtained from (5) puting the radiated fields, the waveguide must be ignored and the response is obtained by using the "free-space" retarded potentials.
In this case, the closed surface S is composed of the surface of the aperture, the coplanar conducting flange and the hemisphere at infinity that does not contain the waveguide. The radiation field will be that produced by the current sheets (25) and (26) V. INSERTION LOSS OF RECTANGULAR SHIELDING BOXES WITH APERTURES As mentioned in Section I, we define the "insertion loss" of a shield as the ratio of the field strength at a point external to the shield, before and after insertion of the shield, with the "noise-source" driving force maintained constant.2
In light of the present work, the "noise source" is a simple antenna internal to the shield, excited at frequencies below the lowest resonance mode of the enclosure, and being driven either by a voltage generator or a current generator.
Thus for the dipole antenna, two "insertion-loss" expressions will be found, one for constant current and one for constant voltage at the antenna terminals.
For the loop antenna, the constant-current insertion loss is the only meaningful quantity.
A. Cavity with Small Apertures 1) Dipole Antenna: To develop insertion-loss expressions for the case of a dipole antenna inside a cavity with small apertures, the following steps are necessary: a) knowledge of the fields inside the cavity, obtained from (5) and (6) , where dl is a length element along a thin antenna of total 2 Editor's Note: The author's definition is for a field ratio, not the length L, and Io is the current at the antenna input terminals. decibel equivalent commonly used in EMC work. b) use of (14) and (15), together with Table I , to find the equivalent-aperture source, and c) determination of the fields generated by the equivalentaperture source, and comparison with the fields produced by the dipole antenna in the absence of the cavity.
Consider a short thin dipole oriented in the x direction and centered at the point (a', b', d' ). This antenna is enclosed by a perfectly conducting rectangular cavity of sides a, b, and d (see Fig. 1 ), having a small aperture on the wall defined by z = 0.
The electric-and magnetic-dipole moments induced on the aperture are given by (17) The use of (14) and (15) (31) where the appropriate electric and magnetic polarizabilities are to be used, and the electric and magnetic fields at the plane z = 0 are obtained with the methods shown in Section II.
If a' = x and b' = y, and the fields are computed with and without the shield at a point directly in front of the aperture, the following constant-current insertion-loss expressions for the transverse components of the fields (Fig. 5) 37) where the fields at the plane z = 0 are obtained from (11) and (12) .
The corresponding constant-current insertion loss expressions follow immediately.
B. Open Cavity 1) Dipole Antenna: This is the case of a cavity in which the aperture is a missing wall. The steps to follow are similar to those used in the first part of this section, with the main difference being that the fields needed to describe the aperture are the tangential components of E and H, i.e., the components lying in the plane of the aperture.
With reference to There are transverse components of both E and H. In accordance with [12, p. 71 ff], it is convenient to calculate the fields radiated by the aperture in terms of the assumed transverse electric field. This approach results in a magnetic current sheet Jm I with the aperture plane replaced by a perfect electric conductor, with the consequence that the effective source has a value 2.Jm'. Since the aperture dimensions are assumed small compared to the wavelength, the field expressions may be integrated over x and y, and divided by the area of the aperture to obtain their average values over the opening. 
2) Loop Antenna; Consider, as before, a cavity with a small aperture on the wall located at z = 0, and a small square loop whose plane is parallel to the (x, z) plane, centered at the point (a', b', d') internal to the cavity (see Fig. 2 ). 
The resulting insertion-loss expressions are identical to (32), 
VI. CORRELATION WITH EXPERIMENTS
To verify the validity of the assumptions made throughout this work, a series of measurements was performed on some simple physical configurations. The experiments were designed to represent a cubical shielding box of sides a = b = d = 30 cm, having a square aperture centered in one wall. The antennas were a dipole of length 2h = a/S and a square loop of sides 2D = a/S. During the measurements, the antennas were moved along a line perpendicular to the center of the aperture. This high degree of symmetry resulted in a dramatic simplification of the equations.
Figs. [6] [7] [8] show plottings of the insertion-loss equations calculated using the methods presented in this work, together with some experimentally obtained values. The results are plotted in decibels, i.e., 20 log (I.L.).3
It is interesting to note that the results for a longitudinal loop antenna are independent of X and r (except for the small effect of the difference between r and r'). On the other hand, the insertion loss of the shield for a transverse dipole antenna follows a X-1 behavior in the radiation field ("far-field") and an r-1 behavior in the induction field ("near-field").
The curves corresponding to values of (I/a) = (1/10), (1/5) , and (2/5) were obtained using Bethe's method for small apertures. Those labeled (I/a) = 1 were calculated using the waveguide methods.
It 
VII. CONCLUSIONS
All the significant features of the analysis have been verified. A disagreement of a few decibels is normally considered negligible in shielding theory, where discrepancies of 50-100 dB in predicted values are not uncommon [14] .
Thus a method has been provided for predicting with considerable accuracy the insertion loss of a rectangular shielded enclosure with apertures, containing an internal radiating element, at frequencies below the lowest resonance of the enclosure.
Moreover, the results obtained for the chosen examples (selected because of their "worst case" characteristics) constitute a very reliable indicator of the leakages to be expected from apertures in shields containing "high-impedance" or "low-impedance" sources (i.e., electric-field sources be used for external sources as well. The insertion-loss equations provide us with a measure of the effect of the shield upon the "noise pick-up" by sensitive circuits (having high or low impedance, as the case may be) located in its interior, when there are apertures present in the enclosure. The applicability of the theorem of reciprocity to the insertion loss of shielded enclosures is theoretically and experimentally well established [15] . However, it should be stressed that only the roles of receiving and transmitting equipment should be interchanged for the successful application of the theorem.
A study of the insertion-loss equations here developed should provide enough information to achieve optimum shielding performance for a given piece of equipment and its metallic enclosure. The location of "noisy" (or sensitive) circuits with respect to the shield apertures, the physical layout of those circuits, the choice of currents and impedances, the size, shape, and location of the required apertures, etc., can all be optimized by analyzing their influence on the insertion-loss expressions. 
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EDITORIAL SUMMARY
Technology involving the performance of EM shields with apertures has been advancing well over the past several years. The latest advance is represented by this paper which treats a rectilinear enclosure from two points of view: as a cavity with a small aperture in a wall, and as a waveguide section shortcircuited at one end and open at the other (large aperture), both for frequencies below the lowest enclosure resonance. In this work, perfectly conducting surfaces (except for the apertures) are assumed with negligible error, since the cases of interest are those where leakage through apertures overshadows transmission through normal metallic surfaces. Predictions from insertion-loss (shielding-effectiveness) equations agree With perfectly conducting surfaces, the cavity with small apertures is treated for two excitation sources: a center-driven thin dipole (Fig. 1 ) and a square loop (Fig. 2) . For these sources, the fields inside a cavity are expressed by (5), (6) and (11) , (12) , respectively. When these fields illuminate a small aperture, the field in the vicinity of the hole may be represented approximately by the original fields at the wall without an aperture, plus fields of electric and magnetic dipoles located at the center of the aperture. The field transmitted to the far side of the conducting wall may be considered dipole fields and may be calculated from the electric-and magnetic-dipole moments induced by the incident field on the complementary area of infinite permeability [3] . These moments are given by (14) and (15) which involve polarizability constants. For many cases, polarizability may be determined from Table I [4] - [6] .
For an open cavity, the same transverse-dipole (Fig. 3 ) and longitudinal-square-loop (Fig. 4) To find the fields radiated by this structure, field-equivalence theorems stated by Schelkunoff [8] - [11] are used. Flange effects at the opening may be neglected, since major concern is with the worst case of fields along the axis. Fields are produced by the electric-and magnetic-current sheets (25) and (26).
The input impedance of a dipole antenna inside a cavity with apertures is found by assuming that the presence of the aperture will not disturb fields near the antenna, so long as its spacing behind the aperture is some small, but reasonable, distance. The impedance for an x-directed thin dipole is givenby (28)-for a transverse dipole, by (29). Insertion-loss expressions are then obtained for a cavity with small apertures and an open cavity, each for three cases: 1) a dipole antenna with constant current at the antenna terminals, 2) a dipole antenna with constant voltage at the antenna terminals, and 3) a loop antenna with constant current at its terminals. These are given by (32) 
